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Summary. The pharmacokinetics of liposome-entrapped 
cis-bis-neodecanoato-trans-R, R- 1,2-diaminocyclohexane 
platinum(II) (L-NDDP) and cisplatin (CDDP) were stud- 
ied after i.v. and i.p. administration of an equimolar dose 
(11 and 5 mg/kg for L-NDDP and CDDP, respectively) in 
the rat. The systemic absorption following i.p. administra- 
tion was faster in rats receiving CDDP than in those receiv- 
ing L-NDDP. Peak serum platinum (Pt) levels were ob- 
served at 30 rain and 12 h after the i.p. administration of 
CDDP and L-NDDP, respectively. Administration by the 
i.v. route did not significantly alter the serum Pt levels for 
either compound. However, serum Pt levels were 2 -3  
times greater in animals treated with L-NDDP than in those 
treated with CDDP. The estimated pharmacokinetic para- 
meters for each drug were independent of the route of 
administration, except for the clearance (Cl) of CDDP, 
which increased 2-fold following i.p. administration. In 
addition, significant differences in pharmacokinetic para- 
meters were observed between drug-treatment groups that 
were independent of the route of administration: the serum 
Pt area under the concentration-time curve (AUC) was 
higher and the volume of distribution at steady state (Vdss) 
was lower in rats receiving L-NDDP. Pt levels measured at 
6 h in the peritoneal fluid, peritoneal tissue, and intestine of 
rats receiving i.p. L-NDDP were higher than those ob- 
served in rats receiving either i.v. L-NDDP or CDDP by 
either route. Pt levels measured in the liver and spleen of 
rats receiving L-NDDP were independent of the route of 
administration and were significantly higher than those 
determined in rats treated with CDDP. In contrast, kidney 
Pt levels were lower in rats receiving L-NDDP than in rats 
receiving CDDP by either route. These results suggest that 
the prolongation of the mean retention time of L-NDDP in 
the peritoneum achieved after i.p. administration without 
compromising the systemic distribution of the drug may 
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result in a significant enhancement of the therapeutic effi- 
cacy of L-NDDP against malignancies confined to the 
peritoneal cavity as compared with that of i. p. CDDP. 

Introduction 

Cisplatin (CDDP) is one of the most effective agents for 
the treatment of lung, head and neck, testicular, ovarian, 
bladder, and bone cancer [4, 8]. However, its use is limited 
by acute dose-related renal toxicity and chronic neurotox- 
icity [16]. Different strategies have been explored to en- 
hance the therapeutic index of CDDP. Efforts to synthesize 
superior analogs have resulted in the development of car- 
boplatin, which has an improved therapeutic index due to 
its lower nephrotoxicity [7]. However, the spectrum of 
antitumor activity of carboplatin has not been broadened 
by its reduced nephrotoxicity and safer administration. 
Modifications of the administration schedule (i. e., contin- 
uous infusion) and prehydration with mannitol have also 
been shown to reduce the gastrointestinal side effects and 
nephrotoxicity of CDDP, respectively [1]. 

L-NDDP is a lipophilic platinum (Pt) complex de- 
veloped in our laboratory using a liposomal cartier for its 
parenteral administration [11]. In preclinical studies, 
L-NDDP has not been nephrotoxic in mice and dogs [6] 
mad has shown significantly more activity than CDDP in 
vivo against both murine ieukemias that are resistant to 
CDDP and liver metastases of M5076 reticulosarcoma 
[10]. In pharmacology studies in rabbits, blood and organ 
levels of elemental Pt have increased severalfold in ani- 
mals treated with L-NDDP as compared with animals 
treated with an equimolar dose of CDDP [6]. A phase I 
study on L-NDDP has recently been conducted at M. D. 
Anderson Cancer Center [ 13]. 

Recently, several investigators have obtained an im- 
proved therapeutic effect using i.p. administration of 
CDDP for the treatment of small-volume ovarian cancer, a 
disease that tends to disseminate within the peritoneal car- 
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ity [3, 15]. This approach does not appear to be as success- 
ful in  bu lky  disease due to the relative inabi l i ty  of CDDP to 
penetrate the tumor  tissue. 

Because of the large size of the l iposomes in the 
L -NDDP formulat ion ( 1 - 5  txm) [6], it is very unl ikely that 
they reach the blood circulat ion intact after i. p. administra-  
tion. Thus, absorption of N D D P  into the blood requires the 
destruction of the l iposomes or the fusion and transfer of 
their content  into the mesothelial  cells, tumor cells, and 
capillary endothelial  cells that are in direct contact with the 
cavity space. Therefore, after i .p. adminis t rat ion of 
L-NDDP,  it would  be reasonable  to expect a slow absorp- 
t ion of the drug into the blood circulation and, as a result, a 
markedly  prolonged exposure of the structures in direct 
contact with the peri toneal cavity to L-NDDP.  The combi-  
nat ion of both factors may result in an improved local 
ant i tumor effect. 

To test this hypothesis,  we studied the pharmacokinet -  
ics and tissue dis tr ibut ion of  L - N D D P  and CDDP after 
their i. v. and i. p. adminis t rat ion to rats. The results demon-  
strate that fo l lowing its i.p. injection,  L - N D D P  is retained 
in the peri toneal  cavity longer than CDDP, result ing in 
increased drug levels in the peri toneal tissue, and does not 
s ignif icantly alter the overall  systemic exposure to the 
drug. 

Materials and methods 

Drugs. Cisplatin (Bristol-Labs, Syracuse, N. J.) was reconstituted in 
sterile water at a final concentration of 1 mg/mi. L-NDDP was prepared 
as described elsewhere [8, 11]. Briefly, dimyristol-phosphotidylcholine 
(DMPC) and dimyristol-phosphatidyglycerol (DMPG) (Avanti Polar 
Lipids, Pelham, Ala.) were mixed with NDDP (DMPC : DMPG : NDDP 
weight ratio, 10.5 : 4.5 : 1) and dissolved in chloroform. The solvent was 
evaporated in a rotavapor and the lipid film containing the drug was 
redissolved in t-butanol. The solution was frozen in a dry ice/acetone 
bath and lyophilized for 24 h. The lyophilizate was reconstituted in 
sterile water to a final concentration of 2 mg/ml by mild manual shaking. 

Animals. Adult male Sprague-Dawley rats (250-350 g; Charles River 
Breeders, Wilmington, MA) were given standard rat chow and water ad 
libitum for 1 week prior to experimentation. Animals were maintained 
on a 12-h light-dark cycle in an animal facility under constant humidity 
and temperature. Experimental procedures were approved by the Animal 
Care Committee of The University of Texas M. D. Anderson Cancer 
Center and were carried out in accordance with the guidelines established 
by the Committee on the Care and Use of Laboratory Animals of the 
Institute of Laboratory Animal Resources, National Research Council. 

Study design: pharmacokinetics study. Rats were placed under anesthesia 
by the administration of i. p. pentobarbital (50 m~ffkg) and were divided 
into four groups as follows: group 1, i.v. L-NDDP (11 mg/kg, n = 5); 
group 2, i.p. L-NDDP (11 mg/kg, n = 4); group 3, i. v. CDDP (5 mg/kg, 
n = 7); and group 4, i. p. CDDP (5 mg/kg, n = 3). For i. v. administration, 
drugs were injected into the penile vein~ and the injection volume was 
5.5 ml/kg for both i. v. and i. p. injection. The L-NDDP and CDDP doses 
used were equimolar. Serial blood samples were obtained by tall bleed- 
ing at 0.5, 1, 2, 4, 6, 8, 12, 24, 36, and 48 h postinjection. Blood samples 
collected after 2 h were obtained from rats under light metafane anesthe- 
sia. Following the final blood sampling, the animals were humanely 
killed in a CO2 chamber. Blood samples were first allowed to clot and 
then centrifuged to obtain serum. Serum samples were stored at -20 ~ C 
until their analysis for Pt levels (within 2 weeks). 
Study design: tissue distribution. Rats were placed under anesthesia by 
the administration of i. p. pentobarbital (50 mg/kg) and were randomized 

into four groups as described above for the pharmacokinetics study 
(n = 3 rats in each group). At 6 h postinjection, rats were given 10 ml 
saline by i.p. injection and the abdomen was gently shaken for 2 rain. 
The abdomen was then opened and a 3-ml aliquot of the peritoneal fluid 
was removed. A 1-ml blood sample as well as liver, spleen, kidney, 
intestine, and peritoneal tissue (fascia) samples were obtained. The se- 
rum was harvested from the clotted blood, and tissue samples were 
blot-dried. All samples were frozen at -20 ~ C until their analysis for Pt 
levels (within 2 weeks). 

Sample analysis. Serum samples were diluted (by 50% or more if neces- 
sary) with 0.1 N HC1, briefly vortexed, and analyzed for elemental Pt by 
flameless atomic absorption spectrophotometry (FAAS) [17]. Tissue 
aliquots (200 mg) were placed in a drug-free scintillation vial containing 
0.5 ml hyamine hydroxide (Sigma, St. Louis, MoO. Tissue samples were 
incubated for 5 h at 55~ to facilitate digestion of the tissues. Sub- 
sequently, each vial was vortexed for 3 rain, and 4 vol. 0.3 N HC1 was 
added to each sample. Elemental Pt was measured by FAAS [17]. 

Data analysis. Pt concentrations were determined from a standard curve 
obtained by the standard-additions method as previously described by 
Siddik et al. [17]. A new standard curve was consta'ucted for each set of 
serum samples obtained from individual animals to minimize assay 
variability. Pharmacokinetic analysis was performed using noncom- 
partmental methods [2]. The elimination rate constant (K) was deter- 
mined by regression analysis of the terminal points. The area under the Pt 
concentration-time curve (AUC) was estimated using the trapezoidal rule 
and extrapolated to infinity by the addition of c~/K, where et represents 
the final concentration at 48 h. The total clearance was calculated as the 
dose divided by the AUC. The volume of distribution at steady state was 
determined by the following equation: 

Vdss = Dose x AUMC/AUC 2, 

where AUMC represents the area under the first-moment Pt concentra- 
tion-time curve. The maximal Pt peak concentration (Cmax) and peak time 
(tmax) were obtained by extrapolation for the i.v. dose and estimated 
visually for the i.p. dose from the concentration-time profile. 

Statistical analysis. The differences observed in the pharmacokinetic 
parameters and tissue Pt concentrations within and between treatment 
groups were analyzed for statistical significance using Student's t-test 
and analysis of variance. A difference was considered t O be significant 
when the probability of chance explaining the results was reduced to less 
than 5% (P <0.05). 

Results 

Figures 1 and 2 show the concentrat ion- t ime profiles ob- 
tained for Pt after i. v. and i.p. administrat ion of equimolar  
doses of CDDP and L-NDDP.  In the case of CDDP, the 
route of administrat ion did not significantly change the 
concentrat ion-t ime profile of Pt (Fig. 1). The peak absorp- 
tion of CDDP into the circulation after i .p. administrat ion 
occurred within 30 rain. In contrast, i.p. administrat ion of  
L - N D D P  resulted in  a delayed absorption of the drug into 
the circulation, peak serum Pt levels being detected at 
aproximately 12 h postinjection (Fig. 2). Figures 3 and 4 
show the serum concentrat ion- t ime profile obtained for Pt 
in animals  treated with equimolar  doses of CDDP and 
L-NDDP according to the route of administrat ion.  W h e n  
both agents were injected i.v. (Fig. 3), the Pt concentra- 
t ion-t ime curves were similar, although Pt levels were uni-  
formly elevated in the animals  treated with L-NDDP.  After 
i.p. administrat ion (Fig. 4), peak serum Pt levels were 
reached at approximately 12 h after the inject ion of 
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Fig. 1. Concentration-time profile of Pt in serum following a single i. v. 
( 0 )  and i.p. (O)  dose of CDDP in the rat. Data represent mean values 
+ SD 
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Fig. 2. Concentration-time profile of Pt in serum following a single i. v. 
( �9 ) and i. p. ( A )  dose of L-NDDP in the rat. Data represent mean values 
_+ SD 
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Fig. 3. Concentration-time profile of Pt in serum following a single i.v. 
dose of L-NDDP (A) and CDDP (0) in the rat. Data represent mean 
values + SD 
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Fig. 4. Concentration-time profile of Pt in serum following a single i. p. 
dose of L-NDDP ( A )  and CDDP ( �9  in the rat. Data represent mean 
values + SD 

L-NDDP, whereas they were detected within 30 rain of 
CDDP administration. Peak serum Pt levels determined 
after i. p. injection of L-NDDP were 2-fold those measured 
following i.p. treatment with CDDP (5.1+2.3  vs 
2.9 _+ 1.4 gg/ml, P <0.05). 

Table 1 shows the pharmacoldnetic parameters esti- 
mated for CDDP and L-NDDP after i.p. and i.v. adminis- 
tration of equimolar doses of these agents. When the re- 
sults were independently analyzed for each drug, no signif- 
icant change in the pharmacokinetic parameters was ob- 
served as a result of changing the route of administration 
from i.v. to i.p. except in the case of CDDP, whose C1 
increased about 2-fold following i.p. injection (0.04 + 0.01 
vs 0 .02+0.01 1 h -1 kg-], p <0.05). 

The AUC value obtained for i.v. L-NDDP was about 
30% greater than that found for i.v. CDDP (197.3 +22.5  
vs 141.3 -+22.9 gg h ml-1, P <0.05). Following i.p. injec- 
tion of the drugs, this difference increased to a more than 
2-fold discrepancy as a result of an increase in the AUC 
value for L-NDDP and a decrease in the AUC value for 
CDDP (231.7 + 50.9 vs 103.3 4- 30.8 gg h ml-], P <0.05). 
The Vdss value obtained for CDDP following i.p. adminis- 
tration was 3-fold that found for either i. p. or i. v. L-NDDP. 
Although the difference did not reach statistical signifi- 
cance, the t]/2 value found for L-NDDP was lower than that 

observed for CDDP, regardless of the route of administra- 
tion. 

Table 2 shows the Pt levels measured in peritoneal fluid 
and different organs at 6 h after i. p. and i. v. administration 
of equimolar doses of CDDP and L-NDDP to rats. When 
the results were analyzed according to the mode of treat- 
ment, i.p. administration was found to increase the Pt 
levels in both the peritoneal tissue and the intestine by a 
factor of 2 - 3  for both CDDP (4 .9+ 1.8 vs 1 .9+0.5 gg/g, 
P <0.05) and L-NDDP (9.3_+5.4 vs 3.6 _+ 0.9 gg/g, 
P <0.05). Following i.p. administration, a 4- to 5-fold in- 
crease in the Pt levels in peritoneal fluid was noted only in 
rats receiving L-NDDP, whereas no change was observed 
in animals treated with CDDP. Other Pt tissue levels were 
not altered by i.p. administration. When tissue levels of Pt 
observed in animals receiving i.p. L-NDDP were com- 
pared with those found in animals treated i.p. with CDDP, 
the levels detected in the peritoneal fluid (362-+193 
v s 7 + 2  ng/ml, P <0.05), peritoneal tissue (9 .3+5.4  
vs 4.9 + 1.8 gg/g, P <0.05), intestine (10.0-+5.1 
vs4 .7 -+ l .9gg /g ,  P <0.05), liver (13.9_+4.1 vs 
4.1_+2.3 gg/g, P <0.05), and the spleen (13.9_+4.4 vs 
2.1 + 1.6 gg/g, P <0.05) of rats receiving L-NDDP were 
60-, 2-, 2-, 3-, and 6-fold those measured in animals treated 
with CDDP, whereas the Pt levels detected in the kidney of 
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Table 1. Pharmacokinetic parameters of CDDP and L-NDDP after the administration of single i. v. or i. p. doses to rats. 

Parameter Tre~mentgroups 

CDDP L-NDDP 

Lv. i.p. i.v. i.p. 

tl/z(h) 71.4 _+35.7 69.3 _+23.2 45.8 _+ 6.2 46.3 _+11.8 
AUC (gghm1-1) 141.3 _+22.9 103.3 _+30.8 197.3 _+22.5,1.,2 231.7 _+50.9,1.,2 
C/(lh-lkg -I) 0.023_+ 0.005 0.041_+ 0.010"1, "3. .4 0.018-+ 0.005 0.013_+ 0.005 
Vdss(1/kg) 1.9 _+ 1.5 3.3 _+ 0.19 .3,.4 0.69 _+ 0.14 0.89 _+ 0.38 
cm~(gg/ml) 7.9 _+ 4.4 2.9 + 1.4 11.2 • 3.7 5.1 + 2.3 *3 
fmax (h) 0 0.5 0 12.0 

Data represent mean values -+ SD 
�9 1 p <0.05 vs i. v. CDDP; ,2 p <0.05 vs i.p. CDDP; ,3 p <0.05 vs i. v. L-NDDP; ,4 p <0.05 vs i. p. L-NDDP 

Table 2. Pt levels found in the peritoneal fluid and tissues of rats treated with a single i.v. or i.p. dose of CDDP or L-NDDP at 6 h after drug 
administration. 

Samples Treatment groups 

CDDP L-NDDP 

i.p. i.v. i.p. i.v. 

Peritonealflnid(ng/ml) 7 _+2 6 _+ 1 363 _+193 .1-.3 25 _+12 
Peritonealtissue(gg/g) 4.9_+1.8 1.9_+ 0.5 9.3_+ 5.4 .1-.3 3.6_+ 0.9 
Intestine(gg/g) 4.7_+1.9 2.7_+ 1.2 10.0_+ 5.1.1-.3 2.5_+ 2.4 
Liver(gg/g) 4.1_+2.3 6.5+ 3.1 15.9_+ 4.1.1,.2 16.8+ 1.9"1, .2 
Spleen(gg/g) 2.1-+1.6 3.3_+ 1.6 13.9_+ 4.4"1, .2 14.6_+ 2.9 *1,.2 
Kidney(gg/g) 20.7-+9.9 19.9-+10.8 8.0-+ 1.8 8.6_+ 3.2 

Data represent mean values _+ SD 
�9 1 p <0.05 vs i.v. CDDP; 2 p <0.05 vs i.p. CDDP; ,3 p <0.05 vs i. v. L-NDDP; ,4 p <0.05 vs i.p. L-NDDP 

rats receiving CDDP were about 2- to 3-fold those mea- 
sured in animals treated with L-NDDP (8.0--+1.8 vs 
20.7_+ 9.9 gg/g, NS). 

D i s c u s s i o n  

Our results indicate that the pharmacokinetics and organ 
distribution of L-NDDP and CDDP after i.p. administra- 
tion are significantly different. The absorption of L-NDDP 
into the circulation from the peritoneal cavity is much 
slower than that of CDDP, peak Pt levels being reached at 
12 h after i.p. administration of the former and within 
30 tnin of  i.p. administration of the latter. Additional 
differences between the pharmacokinetics of the two drugs 
were observed independently of the route of administra- 
tion; serum Pt AUC and Vdss values were significantly 
elevated and decreased, respectively, in rats treated with 
L-NDDP as compared with those receiving CDDP. Fi- 
nally, in spite of the slow absorption of L-NDDP from the 
peritoneal cavity into the systemic circulation, the pharma- 
cokinetic parameters of L-NDDP were not significantly 
altered by i. p. administration of  the drug. 

A phase I clinical study on L-NDDP has been con- 
ducted at M. D. Anderson Cancer Center [13]. The dose- 
limiting toxicity of L-NDDP was myelosuppression, and 
no evidence of nephrotoxicity was observed. Other toxici- 
ties encountered at the maximum tolerated dose were mild 

and consisted of  nausea, vomiting, diarrhea, fever, tran- 
sient elevations of  liver enzymes, and malaise. The Pt AUC 
value was the only pharmacokinetic parameter that corre- 
lated somewhat with toxicity in the phase I study of 
L-NDDP in humans. No significant difference in AUC 
values was observed between i.p. and i. v. L-NDDP-treated 
rats. Assuming that this finding can be extrapolated to 
humans, systemic distribution of L-NDDP should not be 
affected by the route of administration. Therefore, the sys- 
temic toxicity and antitumor activity of L-NDDP should be 
approximately the same after i.v. or i.p. administration. 
The Pt AUC value tended to decrease following i.p. ad- 
ministration of CDDP. This might compromise the sys- 
temic antitumor activity of the drug but might also 
decrease its systemic toxicity. However, kidney Pt levels 
measured at 6 h after CDDP treatment were independent of 
the route of administration. 

Large multilamellar vesicles ( 1 - 5  gm) similar to the 
liposomes prepared and used in the present study have 
demonstrated extensive and selective distribution and ac- 
cumulation in organs of the reticuloendothelial system, 
including the liver, spleen, and bone marrow E9]. In agree- 
ment with previous studies [10], Pt concentrations were 
significantly higher in the liver and spleen of rats receiving 
L-NDDP than in those treated with CDDP. Renal Pt con- 
centrations increased 2-fold in rats treated with CDDP as 
compared with those receiving L-NDDP, regardless of the 
route of administration. Although renal function was not 
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measured, the data not only suggest an increased advantage 
of L-NDDP over CDDP as a result of reduced accumula- 
tion of Pt in the kidney as observed previously but also 
indicate that the lack of renal toxic effects of  L-NDDP may 
not be compromised by changing the route of administra- 
tion from i.v. to i.p. 

The tissue distribution of L-NDDP appears to be inde- 
pendent of its route of administration. Since liposomes are 
most likely not absorbed intact from the peritoneal cavity 
into the systemic circulation, significant differences in 
tissue distribution would be expected unless the life span of 
the liposomes in the blood were quite short and significant 
drug leakage were to occur shortly after i.v. administra- 
tion, in which case the tissue distribution after i.v. and i. p. 
administration of L-NDDP should be similar and should 
correspond to the distribution of free NDDP. Transfer of 
NDDP to serum lipoproteins shortly after its i.v. adminis- 
tration could explain these surprising findings and is cur- 
rently being investigated. 

The i.p. administration of L-NDDP as compared with 
CDDP resulted in a marked increase (60-fold) in the Pt 
levels measured in peritoneal fluid at 6 h posttreatment, as 
expected from the differences in the absorption of 
L-NDDP and CDDP from the peritoneal cavity. This find- 
ing, although limited to one time point, strongly suggests a 
marked pharmacological advantage for the targeting of 
peritoneal malignancies for treatment with i. p. L-NDDP as 
compared with i,p. CDDP due to the considerably pro- 
longed exposure of the peritoneum to the former drug. 

Our study also shows that CDDP is more effective than 
L-NDDP in diffusing through the normal peritoneal tissue 
and, as a result, in reaching the systemic circulation. How- 
ever, the increased Pt concentration observed in the in- 
testine and peritoneal tissue of rats after i.p. L-NDDP 
administration suggests an enhanced penetration of the 
drug into normal tissues close to the peritoneal surface. It is 
not yet known whether this may also apply to malignancies 
in contact with the cavity. A significant determinant of 
intracellular drug accumulation may be the lipophilicity of  
the compound. A study by Los and co-workers [5] has 
demonstrated that oxaliplatin, a Pt complex that is more 
lipophilic than CDDP, exhibits better transmembrane-dif- 
fusion characteristics and increased activity against perito- 
neal tumors following its i.p. administration to rats. We 
have previously reported that the cellular uptake of 
L-NDDP is 5- to 8-fold that of  CDDP [17]. The mecha- 
nisms underlying the enhanced cellular uptake of L-NDDP 
have not been elucidated but are probably related to its 
high affinity for lipid membranes. It would therefore be 
reasonable to predict f rom the information currently avail- 
able that the different mechanism of transmembrane trans- 
port of L-NDDP may result in an enhancement of  its tumor 
penetration as compared with that of CDDP. 

In summary, the current study indicates a potential 
pharmacological advantage for the i.p. administration of  
L-NDDP as compared with CDDP due to the markedly 
increased retention time of the former agent in the perito- 
neal cavity. These results, combined with the previously 
reported lack of cross-resistance of L-NDDP with CDDP, 
may justify the study of i.p. L-NDDP in patients with 
ovarian carcinoma refractory to CDDP. 
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